yielding capacity (RYC), a total of 50 open-pollinated families of masson pine were planted at three testing sites for progeny testing. Investigation was conducted at ages 7, 9, 11, 13, 15, 20, 24 and 26 years to study inheritance, age-age genetic correlation, and early selection efficiency for RYC, height (HT), diameter at breast height (DBH) and volume of individual tree (VOL). Growth characteristics increased gradually with age. RYC had a rapid increase at early ages (before age 15) and a slight decrease at later ages. Additive genetic coef- ficients of variations (CV) for four traits showed a decreasing trend with age and the decreasing rate was rapid at early ages and minor at later ages. Heritability for four traits was relatively stable with minor fluctuation. For across-age classes, heritability was the highest for height, intermediate for RYC, and lowest for volume and DBH. RYC had highly positive genetic correlations
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Introduction
Masson pine (Pinus massoniana Lamb) is a native species of pine growing in a wide area of central and southern China. It is an evergreen tree reaching 45 m in height and 1 m in diameter at breast height, with a broad, rounded crown of long branches (ZENG and YUE, 1984) . Besides its wide uses in wood, pulp and paper industry, this species also has long been employed as a main source of resin, a hydrocarbon secretion of many plants widely used to produce resin and turpentine for chemical industry (TOMUSIAK and MAGNUSZEWSKI, 2009; COPPEN and HONE, 1995) . China is the leading producer of resin in the world (WANG et al., 2006) . During the 1990s, China annually exported a total of 200,000 tons of resin to more than 40 countries, accounting for about 50 % of resin traded in the world (LIU, 2001) . Of the pine resin resources, approximate 95 % comes from masson pine (ZENG and YUE, 1984) . However, due to its high commercial value, masson pine has been subjected to over-exploitation during past decades, leading to a gradual decrease in genetic resources (SHI and LI, 1998) .
Genetic improvement of this species was initiated in late 1950s, and since then, active breeding programs have been launched for the purpose of improving the wood yield and quality (HONG et al., 2010; LIN et al., 2010; ZHOU et al., 2000; LIAN et al., 2006 . Genetic analyses have detected significant variation in growth and wood density among masson pine provenances and families. Estimates of heritability coefficients in progeny test have shown moderate genetic control for growth and wood density. Genetic gains have been estimated at 3.8 % for height, 14.4 % for DBH, and 27.5 % for real volume (HONG et al., 2010) . These studies show high potential of this species for improving growth and wood quality through selection of the more productive provenances and families.
In term of resin-yielding capacity (RYC) of this species, there are few breeding practices reported so far. In south China, the main resin-yielding region of this species, the annual planting area has reached approximately 45 % of total plan (ZENG and YUE, 1984) . However, the majority of seedlings used for afforestation have not been subjected to genetic improvement, and the pine plantations have limited contribution to the increment of RYC. The need for genetically improved seedlings has long been recognized. To date, tree improvement program concerning RYC of the species is still in its infancy and started with the selection of 182 plus-trees from natural stands in main resin-yielding region. Forward or backward selecting genetically superior individuals through progeny test trials has been considered a preferred method (KUMAR and LEE, 2002) .
The objectives of this study were (1) to calculate the variance components and heritabilities for growth characteristics and RYC in three progeny trials, (2) to estimate the coefficients of age-age correlation and early selection efficiency.
Material and Methods
Sampling and experimental design
In 1982 intensive survey and inspection of natural stands of masson pine were conducted in six provinces of south China, including Guangdong, Guangxi, Anhui, Jiangxi, Fujian and Zhejiang. This resulted in the initial selection of 182 candidate plus trees along with 910 check trees. Each candidate was subsequently scored for traits of interest in relation to five selected check trees (LEDIG, 1974) . The scored traits included RYC, height (HT), diameter at breast height (DBH), volume of individual tree (VOL), stem form and crown size. Ninetythree trees were screened out of these 182 candidates from the first round checking procedure. Subsequently, these 93 trees were subject to a second round checking with RYC as the primary selection criteria in the next year and a total of 50 plus trees with high RYC were identified for the progeny testing ( Table 1 ). The origin of these 50 plus trees was located in five prefectures of Guangdong province, in the range of latitude 21°55'N -23°87'N, longitude 110°47'E -114°41'E and at elevation from 35 m to 458 m ( Table 1) .
Seeds from these 50 plus trees were collected for establishment of progeny trials in 1984 ( Table 2) . Openpollinated families from these trees were included in Table 2 ). The trials used randomized complete block design with four-tree row plots and 10 replications per site. Seedlings were planted with 3 ϫ 3 m spacing. The trees in seven randomly selected replications were measured for RYC in grams per day, HT in meters and DBH in centimeters at ages 7, 9, 11, 13, 15, 20 (only for Xinyi), 24 (only for Heyuan) and 26 (only for Yunan) years after planting.
The resin tapping was carried out using the narrow face systems as described by COPPEN and HONE (1995) . In mid-August of each tapping year, the trees were cut once each day by a removal of a sliver of wood from the stem without the application of stimulant. In order to reduce damage to trees, the narrow tapping face was 5 cm wide and only 15 cuts were performed on the trees (Fig. 1) .
HT and DBH were used to compute volume of individual tree outside bark per tree as described by ZENG and YUE (1984) : (1) Where VOL is the volume of individual tree in cubic meters; DBH is the diameter at breast height in meters; and HT is the height of the tree in meters. An edition and cleaning was made to data prior to statistical analysis. Observations lying outside the normal range were eliminated to avoid inflation of error variances and misleading estimates. Deleted measurements accounted for less than 3 % of the observations for all tests.
Statistical Analysis
Single-site analyses were conducted on each test site for the traits RYC, HT, DBH and VOL. Variance components were estimated using the SAS program, PROC GLM and VARCOMP (SAS Institute, 1999) . The following model was used for analysis of variance (ANOVA) for each trait at each test site: (2) where: Y ijk = the observation of the dependent variable of the k-th tree of the i-th family in j-th block (R) µ = the overall mean F i = the random effect of i-th family R j = the fixed effect of j-th block (FR) ij = the plot error e k(ij) = the within-plot error.
The single-site family (h 2 bf ) and individual (h 2 bi ) heritabilities for each trait were calculated using the variance components and the following formulae: Resin-yielding capacity (RYC) was calculated as:
(5) Figure 1 . -Narrow face system of resin tapping. A total of 15 cuttings (once each day) are performed for resin tapping on each testing tree, leading to a tapping face of 5 cm wide and 10 cm long. where: Wt = total weight of collected resin of a tree D = the cutting times for resin tapping on each tree Wd = the total width of narrow tapping face C = the circumference of trunk where the bark was cut.
The following model was used for across-site analyses: (6) where: Y ijkl = the observation of the dependent variable of the l-th tree of the j-th family (F) in k-th block (R) within the i-th site (S) µ = the overall mean S i = the i-th site effect (S) F j = the random effect of j-th family (F) R k(i) = the fixed effect of k-th block (R) (SF) ij = the family-by-site (G ϫ E) interaction (FR) jk(i) = the plot error e l(ijk) = the within-plot error.
The across-site family (h 2 f ) and individual h 2 i ) heritabilities for each trait were calculated using the variance components and the following formulae, (BURDON, 1977; YAMADA, 1962) . The magnitude of the genotype by environment interaction at the additive level was measured by using estimates of type B genetic correlation (r Bg ) following BURDON (1972) . (9) where: r Bg = genetic correlation between one trait at environments x and y cov g xy = covariance for groups between the trait as it is expressed at environments x and y g x and g y are square roots of variances of group means at environments x and y.
Juvenile-to mature-age genetic correlations (r) were calculated as: (10) where: cov fJM = the family covariance among juvenile (J) and mature age (M); fJ and fM are square roots of family variances for juvenile (J) and mature age (M).
In this study, the last measurement year at each site was considered the mature age, namely age 20 at Xinyi, age 24 at Heyuan and age 26 at Yunan. The efficiency (Ef gen ) of juvenile selection relative to mature age was calculated as: (11) where: r A = the additive genetic correlation between juvenile and mature ages; i J and i M are selection intensities at juvenile (J) and mature age (M); h J and h M are square roots of the heritability at the juvenile (J) and mature ages (M); The same selection intensity for the juvenile and mature ages was used in this calculation (WU et al., 2007; KUMAR and LEE, 2002) .
Results
Trend of annual trait means
Annual survival rates of testing progenies at three sites were recorded and summarized in Table 3 . The survival rates decreased gradually with age. At the mature ages, 73 % of trees remained at Xinyi (age 20), 63 % at Heyuan (age 24) and 68 % at Yunan (age 24), respectively. Nevertheless, there was no significant variation in survival rate among families at each testing site (data not shown).
Overall means for HT, DBH, VOL (eq. 1) and RYC (eq. 5) were shown in Figure 2 . The means of three growth traits increased gradually with age. The trees in Heyuan displayed the maximum early growth (before age 11) and low midterm growth from age 11 to 15. The seedlings in Xinyi showed the maximum later growth (after age 11). The mean of individual volume increased from 0.018 m 3 at age 7 to 0.181 m3 at mature age 20, suggesting that Xinyi were more suitable for growth of masson pine. In comparison, the trees in Yunan maintained low growth rate without dramatic fluctuation. The mean of individual volume was only 0.145 m 3 at mature age 26.
In general, RYC showed a rapid increase at early ages and a subsequent slow decrease at mature ages. It displayed significant differences at three testing sites (P < 0.0001). Heyuan produced the highest yield of resin at early ages from 7 to 11, varying from 22.95 g/d to 44.83 g/d. Xinyi showed the maximum yield at later ages from 13 to 20, reaching the maximum 50.55 g/d at age 15. While, Yunan always exhibited the lowest resin yield except at the beginning age 7. 
Analysis of variances
For single-site analysis (eq. 2), family had significant (P < 0.05) effects on four traits at all ages. The effects of block and block-by-family interaction were also significant for majority of analyses. Similarly for across-site analysis (eq. 6), family had significant (P < 0.05) effects on four traits at all ages. Testing site also played a significant role (P < 0.05) in affecting four traits at all ages. The effects of block, site-by-family interaction, and block-by-family interaction were significant in most cases.
Genetic coefficients of variations and heritability
Trends in additive genetic coefficients of variations (CV; %) are presented in Figure 3 . A decreasing trend of magnitude of CV was observed for four traits with age. The decreasing rate was rapid at early ages (before age 11) and minor at later ages (after age 11). In general, CV for overall VOL was much higher than that for overall HT, DBH and RYC, and there was a larger scale of decline in the CV for VOL when compared with that for other traits.
In general, heritability for four traits was relatively stable (Tables 4 to 7) . For single site analyses, there was no significant difference between family heritability (eq. 3) and individual heritability (eq. 4) for four traits. Heritability was the highest for height (> 0.30) at all ages, 
With regard to across-site analyses, the family heritability (eq. 7) for four traits was much higher than individual heritability (eq. 8). At most ages, individual heritability for four traits was between 0.10 and 0.20, and family heritability between 0.40 and 0.60. The family heritability for RYC displayed the highest stability, ranging from 0.51 to 0.59 across ages. The family heritability for height varied from 0.30 to 0.54, which was lower than that for other three traits at most ages.
Genetic correlations among traits
To identify the sites contributing to the significant site-by-family interaction, type B genetic correlations (eq. 9) between testing sites were estimated (Table 8) . HT, DBH and VOL showed significant genetic correlations between Xinyi and Heyuan at most cases except for VOL at age 13. However, these growth traits displayed relatively low correlations between Xinyi and Yunan as well as between Heyuan and Yunan in majority of cases except for DBH between Heyuan and Yunan at ages 13 and 15, suggesting the existence of strong site-by-family interactions between these testing pairs. Additionally, no obvious trend of correlation was observed for each growth trait. With regard to RYC, significant correlations between Xinyi and Heyuan were detected between ages 9 to 15. In contrast, the significant correlations were only observed between Heyuan and Yunan at ages 13 and 15 and no significant correlation was identified between Xinyi and Yunan. Interestingly, there was a gradual increase in correlations with age between Heyuan and Yunan, but not in other testing pairs.
To determine the interrelationships between RYC and other three growth traits, the genetic correlations were estimated ( Table 9 ). Except for HT at age 7, significantly positive genetic correlations between RYC and growth traits were observed at three testing sites, but no obvious age trend was detected in the magnitude of these correlations. For majority of analyses, the correlations were between 0.50 and 0.85. The correlations between pairs of traits did not differ apparently, nor did those NS: not statistically significant; * significant at P < 0.05; ** significant at P < 0.01. HT: height; DBH: diameter at breast height; VOL: individual volume; XY = Xinyi; YN = Yunan; HY = Heyuan. The same below. Table 9 . -Estimates of age-age genetic correlations and associated standard errors (in parenthesis) between resin-yielding capacity and three growth traits. Zheng et. al.·Silvae Genetica (2013) 62/1-2, 7-18 between testing sites. Nevertheless, RYC had the lowest correlation (0.355) with HT at Xinyi at age 7 and highest correlation (0.967) with VOL at Xinyi at age 15.
Age-age correlations between earlier ages and mature ages
The additive age-age genetic correlations (eq. 10) between earlier ages and mature age were shown in Figure 4 . There was an increasing trend in the magnitude of genetic correlations for HT at three testing sites, and the increase range at Xinyi and Yunan was much higher than that at Heyuan, particularly at early ages (ages 7 to 15). The correlations for DBH at Heyuan were comparatively stable, and increased from 0.82 at age 7 to unity (1.0) at age 15. An analysis of correlations at early ages (ages 7 to 11) found a sharp increase at Xinyi and an obvious decrease at Yunan. Correlations at Yunan were much lower than those at Xinyi and Heyuan between ages 11 and 15. The age trend of genetic correlations for VOL was highly similar with that for DBH. An increasing trend was observed at Xinyi and Heyuan, and the increase range at Xinyi was much higher than that at Heyuan. Correlations at Yunan displayed a sharp decrease at early ages (ages 7 to 9) and strong increase between ages 11 and 20. The correlations for RYC at Heyuan and Yunan were relatively stable at all ages and much higher (> 0.9) than those at Xinyi, particularly at early ages (ages 7 to 11). Correlations at Xinyi had a sharp increase between ages 9 and 13.
Efficiency of early selection relative to selection at mature age
Efficiency of early selection (eq. 10) at Heyuan for HT was very high and stable (> 0.85) at all ages, and slowly increased from 0.87 at age 7 to 0.93 at age 15. Additionally, efficiency at Heyuan was much higher than that at Xinyi and Yunan at early ages (ages 7 to 11, Fig. 5 ). Efficiency at Xinyi and Yunan displayed a sharp increase at early ages. Early selection at age 15 almost had the same efficiency as selection at mature age for three testing sites. Similar to selection for HT, early selection for DBH at Heyuan was also very high (about 0.80) and stable at all ages (Fig. 5) . Efficiency at Yunan was 0.77 at age 7, but sharply decreased to middle level (0.550) at age 9 and maintained the middle level (0.55~0.60) with minor increase from age 9 to 13. At Xinyi, efficiency at age 7 was only 0.45, but sharply increased to 0.69 at age 9 and 0.80 at age 11. Early selection at all ages at Heyuan, age 11 at Xinyi and age 15 at Yunan was almost as efficient as selection at mature age. The trend of selection efficiency for VOL was very similar with that for DBH (Fig. 5) . At Yunan, there were an initial sharp decrease from age 7 to 9 and a subsequent dramatic increase from age 13 to 15, leading to the fact that efficiency was much lower than that at Xinyi and Heyuan between age 9 and 13. At Heyuan, efficiency stably increased from 0.66 at age 7 to unity (1.0) at age 15. Early selection at age 9 at Xinyi, age 11 at Heyuan and age 15 at Yunan was almost as efficient as selection at mature age. Efficiency for RYC at three testing sites displayed similar age trend. But efficiency at Yunan was stable and much higher than that at Xinyi and Heyuan at early ages (ages 7 to 13). Selection at all ages at Yunan, age 9 at Heyuan and age 11 at Xinyi had an efficiency > 0.8.
Discussion
Since our ultimate goal is to improve resin-yielding capacity of masson pine, RYC was considered the primary selection criteria during the entire investigation of candidate plus trees in the natural forests of six provinces. Furthermore, two rounds of resin tapping was conducted for the purpose of screening for candidates with stable and high RYC. Therefore, it was reasonable for the fact that only 50 out of 182 (27.5 %) candidates were identified to be plus trees. Further analysis found that all of these 50 plus trees were distributed in Guangdong province, the principle region for resin production. Interestingly, our previous study on 274 masson pine trees from 6 provinces identified that RYC increased with the decrease of latitude (HE et al., 1999) . Of these 6 provinces, Guangdong is located in the southeast part. This might imply geographic variation play a role in determining the RYC of masson pine. Similar geographic variation was also found in alder, in which provenances ranked differently at different sites and red alder provenances tended to perform better in both growth and survival at the sites near their origin (XIE, 2008) .
We observed that family effect was significant for all growth traits and RYC in this study. This may not be surprising considering that family was detected having strong influence on growth traits of masson pine (HONG et al., 2010; JIN et al., 2008a JIN et al., , 2008b ZHOU et al., 2008; . Since there were highly positive genetic correlation between RYC and growth characteristics in this study (Table 8) , it is possible to detect the significant effect of family on RYC.
Similarly, site had significant effects on growth characteristics and RYC, suggesting important implications for seed transfer guidelines (XIE, 2008) . Such effects might be attributed to differences in environmental conditions. A principal component analysis indicated that elevation, precipitation and evaporation were the three determinative factors for growth of masson pine (XU, 1994) . The central Guangdong province where there are numerous low mountains and hills with a middle elevation and high rainfall is considered the highly adaptable region for masson pine (XU, 1994) . Therefore it is not surprising to detect significant site-by-family interactions for three growth traits in this study.
Estimates of type B genetic correlations showed that Xinyi was well correlated with Heyuan and that Yunan was poorly correlated with other two sites ( Table 8) . It seemed that Yunan might be the site con- tributing to the strong site-by-family interaction. In terms of RYC, it was reported that the rise of temperature and humidity led to an increase in RYC, suggesting a close association between RYC and these two factors (ZHANG, 2001) . In this study, Xinyi had significant type B correlations with Heyuan and relatively low (not significant) correlations with Yunan, which was in agreement with the RYC order of three testing sites at later ages: Xinyi > Heyuan > Yunan (Fig. 2) . This result might be attributable to the fact that Xinyi had the highest elevation (450 m), rainfall (1,800 mm) and annual average temperature (22.3°C), which is favorable for the growth and resin-yielding of masson pine ( Table 2) . Heyuan is closer to Xinyi and much higher than Yunan in RYC production (Fig. 2) . It appears that RYC production of masson pine is more sensitive to rainfall when the trees are on low elevation with similar temperature ( Table 2) .
Estimation of CV suggested that there were plenty of genetic variations in four traits, particularly at early ages. The variation among masson pine families indicated the potential benefits of genetic improvement (HONG et al., 2010) . However, further analysis found that CV for four traits displayed a decreasing trend with age. The decrease was found to be sharp at early ages and minor at later ages (Fig. 3) . These trends were similar to wood density found in radiata pine (KUMAR and LEE, 2002) , Norway spruce (HYLEN, 1999) and Scots pine (FRIES and ERICSSON, 2009 ). This might be reasonable considering that the survival rate of masson pines had a similar decreasing trend at three testing sites ( Table 3) . As trees mature, some tree may die while others may be suppressed by bigger neighboring trees due to inter-tree competition (WU et al., 2007) . Additionally, there was a larger CV for volume of individual tree, which was in accordance with the results from other studies on masson pine (HONG et al., 2010; DU et al., 2010; JI et al., 2005) . Similar trends were also found in Pinus caribaea Mor. var. bahamensis (SEBBENN et al., 2008) and radiata pine (KUMAR and LEE, 2002) . This may be explained by the fact that the volume was calculated by multiplying height and DBH.
Heritability for each trait was relatively stable at all ages at three sites in this study. This is similar with the results of radiata pine in which heritability for DBH increased to a stable value at age 6 (LI and WU, 2005; WU et al., 2007) . Heritability was the highest for height, intermediate for RYC, and lowest for volume and DBH. Similarly, the highest heritability for height was also observed in other studies on masson pine (HONG et al., 2010; DU et al., 2010; JI et al., 2005) and ash (MWASE et al., 2008) . In this study, family heritability for height was greater than 0.30. This was very close to the value from a previous study (0.32; HONG et al., 2010) , but much lower than other published results in which the heritability was 0.69 (DU et al., 2010) and 0.83 (JI et al., 2005) , respectively.
The main interests of this study were to examine efficiency of early selection that was based on one-to-one correspondence between early and later heritability. Since the mature ages were different at three sites, only heritabilities from single-site analyses were used for estimation. To our knowledge, there are few publications reporting age-age genetic correlation and early selection of masson pine for growth characteristics and RYC. For most correlations, there was an increasing trend with age. This increasing trend was also observed in DBH and wood density of radiata pine (LI and WU, 2005; WU et al., 2007; KUMAR and LEE, 2002) , scots pine (HAAPA- NEN, 2001 ), loblolly pine (BALOCCHI et al., 1994) and Norway spruce (HYLEN, 1999) . A correlation drop was observed for DBH and volume at Yunan. One possible explanation for this drop could be large errors and decreasing population size (GWAZE, 2009).
There was an increasing trend of early selection efficiency with age for most analyses, which was also similar with efficiency for diameter or wood density in radiata pine (LI and WU, 2005; KUMAR and LEE, 2002; WU et al., 2007) , loblolly pine (BALOCCHI et al., 1994) and scots pine (HAAPANEN, 2001) . Selection for height at Heyuan was very efficient (> 80 %) and stable at all ages as a result of high genetic correlations and heritabilities. Selection efficiency for height at Xinyi and Yunan improved gradually with the increase in age-age genetic correlations. Selection efficiency for DBH and volume displayed a similar age trend. Literature suggests that correlations as low as 0.6 could be useful in early selection (NAMKOONG et al., 1980; MWASE, 2008) . In this paper, correlation > 0.8 is considered efficient for early selection, thus selection of masson pine would be effective at age 13 for height, and age 15 for DBH and volume.
For RYC, selection at age 11 would be highly effective (> 80 %) at three testing sites. Obviously, the high efficiency was closely associated with the high genetic correlations and moderate heritabilities. Moreover, an interesting result was observed that efficiency at three testing sites increased in a similar way at most ages. Selection efficiency was close at age 7 for Xinyi and Heyuan (0.55~0.70), age 9 for Yunan and Heyuan (0.80~0.90), and later ages for three test sites (0.80~0.90). The high and close efficiency at three testing sites strongly suggested that early selection at age 11 for RYC was effective and reliable.
Since the resin tapping is a laborious, time-consuming and destructive procedure, more convenient methodology is needed for RYC measurement. The level of genetic control of a trait and its interrelationships with other traits determine the feasibility of indirect selection in breeding program (ZENG and YUE, 1984) . In this study, highly positive genetic correlations were identified between RYC and three growth traits (Table 9) , which made the RYC could be easily predicted from three growth traits. DBH is considered cheaper and easier to measure than height. Both RYC and DBH are under moderate genetic control (Table 5 ) and had high age-age genetic correlations and high early selection efficiency (Figures 4 and 5) . This suggests that DBH is a strong candidate trait for indirect genetic improvement of RYC. Additionally, as selection at age 11 would be effective (> 80 %) for both RYC and DBH, it is suitable to conduct prediction of RYC at age 11 by using DBH indirectly. Zheng et. al.·Silvae Genetica (2013) 
Conclusions
Family and site had significant effects on three growth characteristics (height, DBH and volume) and resin-yielding capacity of masson pine at three testing sites at all ages. The trees showed gradual increase in RYC with age. Xinyi was considered highly suitable for the growth and resin-yielding of masson pine because of rapid growth and high RYC at later ages. The additive genetic coefficients of variations (CV) for four traits decreased gradually with age. Individual heritability was the highest for height, intermediate for RYC, and lowest for volume and DBH. RYC had highly positive genetic correlations with growth characteristics. Age-age genetic correlations were very high for four traits, and displayed an increasing trend with age. Such high genetic correlations led to effective early selection for four traits.
